. Gap junctional communication underpins EDHF-type relaxations evoked by ACh in the rat hepatic artery. Am J Physiol Heart Circ Physiol 280: H2441-H2450, 2001.-Synthetic peptides homologous to the Gap 26 and Gap 27 domains of the first and second extracellular loops of the major vascular connexins (Cx37, Cx40, and Cx43) have been used to investigate the role of gap junctions in endothelium-derived hyperpolarizing factor (EDHF)-type relaxations of the rat hepatic artery. These peptides were designated 37,40 Gap 26, 43 Gap 26, 37,43 Gap 27, and 40 Gap 27, according to connexin specificity. When administered at 600 M, none of the peptides individually affected maximal EDHF-type relaxations to ACh. By contrast, at 300 M each, paired peptide combinations targeting more than one connexin subtype attenuated relaxation by up to 50%, and responses were abolished by the triple peptide combination 43
IN ARTERIES AND VEINS from the rabbit, guinea pig, pig, and mouse, direct intercellular communication via gap junction channels may play a central role in the mediation of endothelium-dependent relaxations that do not involve nitric oxide (NO) or prostanoids and are widely attributed to an endothelium-derived hyperpolarizing factor (EDHF) (6, 9, 11, 14, 15, 19, 23, 31, 34) . Gap junction channels are formed by the docking of two connexon hemichannels, each constructed from six connexin protein subunits that cross the cell membrane four times with two loops exposed extracellularly (28) , and cell-cell coupling is thought to occur predominantly at sites where several hundred such channels cluster in plaquelike structures in the cell membrane (7, 27) . Different connexin subtypes are conventionally classified according to their molecular weight (in kDa), with endothelial and smooth muscle cells expressing Cx37, Cx40, and Cx43, according to vessel type and species (32) . In the rabbit mesenteric artery, Cx43 is the only connexin detectable in smooth muscle cells on Western blot analysis, and EDHF-type relaxations and hyperpolarizations evoked by ACh are attenuated by a synthetic undecapeptide homologous to the Gap 27 domain of the second extracellular loop of this connexin (9) . This peptide may be denoted 37, 43 Gap 27, inasmuch as the sequence is also conserved in Cx37 (Table 1) . Substitution of three amino acids in the 37,43 Gap 27 sequence, so as to confer homology with the corresponding domain of Cx40 (denoted 40 Gap 27; Table 1 ), abolishes its ability to inhibit EDHF-type relaxations in rabbit arteries, thereby confirming a high degree of connexin specificity (10) . 37, 43 Gap 27 also inhibits EDHF-type hyperpolarizations in guinea pig and porcine arteries but is inactive in the rat hepatic artery, leading to the suggestion that gap junctions play a negligible role in EDHF-type relaxations in this vessel type but, rather, that K ϩ ions released from the endothelium promote smooth muscle hyperpolarization and relaxation by activating inwardly rectifying K ϩ channels and an Na ϩ -K ϩ -ATPase (13) (14) (15) . It is possible, however, that restricted expression of Cx43 in the rat hepatic artery (22) accounts for this apparent insensitivity to 37, 43 Gap 27. Indeed, expression of Cx43 in rat arteries is vessel specific, being present in the endothelium and media of elastic arteries, but confined to the endothelium or completely absent from the vessel wall in muscular arteries (22, 32, 35) . Cx37 and Cx40 similarly exhibit wide regional variations in expression in the rat vasculature (24, 26, 30) . To evaluate the possible contributions of these different connexins to EDHF-type responses in the rat hepatic artery, we have therefore exploited similarities and differences in their Gap 26 and Gap 27 domains to generate a series of connexin-specific peptides that were administered alone and in combination in isolated arterial rings. Mechanical studies were con-ducted in tandem with dye transfer experiments in A7r5 cells, a rat aortic smooth muscle line that expresses Cx40 and Cx43 (21) . Specific antibodies were used to define the distribution of different connexin subtypes in the arterial wall and A7r5 monolayers. Collectively, the findings provide evidence that Cx37, Cx40, and Cx43 each contribute to EDHF-type relaxations in the rat hepatic artery.
MATERIALS AND METHODS

Isolated arterial rings.
Rings of hepatic artery 1-1.5 mm wide, obtained from male Wistar rats (200-250 g) killed by cervical dislocation, were mounted in a Mulvany myograph (Danish Myo Technology) containing gassed (95% O 2-5% CO 2, pH 7.4, 37°C) Holman's solution of the following composition (in mM): 120 NaCl, 5 KCl, 2.5 CaCl 2, 1.3 NaH2PO4, 25 NaHCO 3, 11 glucose, and 10 sucrose. Tension was initially set at 0.25 g and readjusted as necessary during an equilibrium period of 1 h.
The rings were precontracted with 300 nM phenylephrine (PE) in the presence of N G -nitro-L-arginine methyl ester (300 M) and indomethacin (10 M), and cumulative concentration-relaxation curves to ACh were constructed. After washout for 1 h, rings were preincubated for 40 min with one of the gap junction peptides, 37,40 Gap 26,  43 Gap 26, 37, 43 Gap 27, or 40 Gap 27, at a concentration of 600 M or employed as a time-matched control, and after reconstriction, further concentration-relaxation curves were obtained. A similar protocol was used to investigate the effects of the six possible paired peptide combinations, with each component being administered at 300 M. In the case of the 40 Gap 27 ϩ 43 Gap 26 combination, experiments were also conducted with each component at 500 M. In a further series of experiments, rings were incubated with the triple combination 37,43 Gap 27 ϩ 40 Gap 27 ϩ 43 Gap 26 at 300 M each. In separate experiments, the effects of apamin ϩ charybdotoxin (500 and 100 nM, respectively), a combination of K ϩ channel blockers that has previously been shown to inhibit EDHF-type relaxation in the rat hepatic artery (36) , were also evaluated.
Immunohistochemistry. Freshly isolated rat hepatic arteries were cryopreserved in OCT compound (BDH) cooled by liquid nitrogen. Cryosections of transverse rings (8-10 m thick) were prepared and mounted onto poly-L-lysine-coated slides (Surgipath), air-dried, and stored at Ϫ20°C. Immediately before the sections were immunostained, they were fixed in Ϫ20°C methanol for 10 min and then rehydrated in PBS (120 mM NaCl and 2.7 mM Na2PO4 ⅐ 2H2O, pH 7.4) for 10 min. Permeabilization was performed in PBS containing 0.1% (vol/vol) Triton X-100 for 30 min, and the sections were blocked with PBS containing 0.5% (wt/vol) BSA for 30 min at room temperature. Sections were stained with the following primary antibodies: for Cx43, a monoclonal antibody generated against amino acids 252-279 on the COOH-terminal tail (Chemicon; 4 g/ml) was used, and for Cx45, Cx40, and Cx37, rabbit polyclonal antipeptide antibodies, prepared against 14 (Cx45) and 19 (Cx37 and Cx40) amino acid sequences on the COOH-terminal tail of each connexin, were used (Alpha Diagnostics; 5 g/ml). The endothelial cell layer cells were seeded onto 16-mm 2 coverslips in 12-well dishes and cultured in DMEM supplemented with 10% FCS, penicillin-streptomycin (100 g/ml), amphotericin (100 g/ml), and L-glutamine (2 mM; GIBCO BRL). Confluent monolayers were fixed in 4% paraformaldehyde and then permeabilized, blocked, and stained as described above.
Confocal laser scanning microscopy. Rat hepatic artery sections and A7r5 cells were imaged with a Bio-Rad MRC 1024ES laser scanning system. For costained samples, images were taken using simultaneous dual-channel screening with emission filters set at 488 and 546 nm for Alexa 488 and Alexa 546, respectively. For the artery sections, images were collected at 0.5-m steps and then processed using the BioRad Lasersharp software to obtain a three-dimensional single-maximum optical projection view for each section.
Dye transfer. A7r5 cells were seeded at a density of 1 ϫ 10 6 cells per 60-mm 2 tissue culture dish and cultured as described above. Confluent cell monolayers were washed twice with PBS and then preincubated in Leibowitz L-15 medium for 90 min at 37°C. In some experiments, 43 Gap 26 or 40 Gap 27 peptide (600 M) or a combination of these peptides at 300 or 500 M each were present during this incubation period. At 15 min after microinjection of Lucifer yellow CH (charge Ϫ2, 457 Da), cells were fixed in 4% paraformaldehyde, and the percentage of injections resulting in dye transfer to 0, 1-4, 5-10, and Ͼ10 neighboring cells was evaluated as previously described (10, 11) .
Drugs. All reagents were obtained from Sigma Chemical unless otherwise stated. The purity of the gap peptides was Ͼ95%.
Statistics. Values are means Ϯ SE. Concentration-relaxation curves to ACh were evaluated by one-way ANOVA, with Bonferroni multiple comparisons test as a further method of analysis. Concentrations of ACh causing halfmaximal relaxation (EC 50) and maximal relaxations (expressed as percent reversal of PE-induced constriction) were compared by a Student's t-test. P Ͻ 0.05 was considered significant.
RESULTS
Inhibition of EDHF-type relaxations by gap junction
peptides and apamin ϩ charybdotoxin. EDHF-type relaxations were maximal at 10 M ACh, with a maximal response of ϳ80% of PE-induced tone (Fig. 1A , Table  2 Gap 27 (300 M each) inhibited maximal relaxations (P Ͻ 0.01, n ϭ 5; Fig. 3E , Table 2 ) with a significant rightward shift in EC 50 values (P Ͻ 0.05; Table 2 ). Washout for 1 h restored ACh-evoked relaxation (Fig. 3E, Table 2 ). Table 2 ) with a significant shift in EC 50 values (Table 2 ; P Ͻ 0.01). After a 1-h washout, maximal relaxations and EC 50 values were partially restored (n ϭ 4; Fig. 3F , Table 2 ). Increasing the concentrations of 40 Gap 27 and 43 Gap 26 to 500 M each caused a further shift in the concentration-relaxation curve to ACh (P Ͻ 0.001, n ϭ 5; Fig.  3F , Table 2 ). Preincubation with 37, 43 Gap 27 ϩ 40 Gap Values are means Ϯ SE. Tone was induced by 300 nM phenylephrine (PE) in the presence of N G -nitro-L-arginine methylester (300 M) and indomethacin (10 M). Single peptides were administered at 600 M and each component of the peptide combinations at 300 M unless otherwise stated. EDHF, endothelium-derived hyperpolarizing factor; EC50, ACh concentration causing half-maximal relaxation; Rmax, maximal relaxation; ND, not determined.
a P Ͻ 0.05, b P Ͻ 0.01, c P Ͻ 0.001 compared with control. d P Ͻ 0.05, e P Ͻ 0.01, f P Ͻ 0.001 compared with 300 M gap peptide.
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43
Gap 26 (300 M each) before or after constriction to PE (300 nM) effectively abolished EDHF-type relaxations (n ϭ 4; Figs. 1E and 3F, Table 2 ). Apamin ϩ charybdotoxin attenuated maximal relaxations to ACh from 88.5 Ϯ 6.8 to 12.3 Ϯ 3.6% of PE-induced constriction (P Ͻ 0.001, n ϭ 4; Fig. 1F ) with a significant rightward shift in EC 50 values from 0.18 Ϯ 0.08 to 35.7 Ϯ 2.1 M (P Ͻ 0.001).
Effects of gap junction peptides and apamin ϩ charybdotoxin on PE-induced tone. PE (300 nM) evoked constrictions of 1.6 Ϯ 0.1 g (n ϭ 42) that were not significantly affected by preincubation with gap peptides, alone or in paired combinations (Table 2) . After constriction by 300 nM PE, 37,43 Gap 27 ϩ 40 Gap 27 ϩ 43 Gap 26 (300 M each) did not significantly alter tone, whereas apamin ϩ charybdotoxin caused a sustained increase from 1.6 Ϯ 0.2 to 2.1 Ϯ 0.1 g (P Ͻ 0.01, n ϭ 4 in both cases; Fig. 1, E and F) .
Connexin distribution in rat hepatic artery. Immunostaining of connexin proteins in the wall of the hepatic artery revealed the typical punctate distribution of gap junction plaques and demonstrated considerable heterogeneity in the expression of Cx37, Cx40, and Cx43 (Fig. 4, A-F) . Cx37 was widely expressed in the endothelium and media, but whereas Cx43-containing plaques were similarly found in the endothelium, in the media they were restricted to the adventitial border. Studies at high magnification showed Cx37-containing gap junction plaques at the smooth muscleendothelium interface (Fig. 4G) . Expression of Cx40 appeared to be restricted to the endothelium as confirmed by costaining with factor VIII (Fig. 4, H and I) .
Image analysis enabled the colocalization of Cx43 with Cx40 and Cx37 to be quantified (25) . This indicated that 78 Ϯ 0.1% of Cx43 gap junction plaques were associated with Cx37 staining. The colocalization was mostly in the endothelial cell layer and in regions near the adventitia where Cx43 colocalized with Cx37 or was expressed in pockets on its own (Figs. 4C and  5A ). In contrast, only 24 Ϯ 0.5% of Cx37 was associated with Cx43, thus reflecting the wider distribution of Cx37 throughout the vessel wall and its sole detection in subintimal smooth muscle (Figs. 4, C and G, and  5A ). Colocalization analysis of Cx40 and Cx43 demonstrated that 71 Ϯ 0.4% of Cx43 staining was associated with Cx40 but only 44 Ϯ 0.1% of Cx40 was associated with Cx43 (Figs. 4F and 5B) . This reflects the observation that high levels of Cx40 were detected in the endothelium and that Cx43 is also expressed in the smooth muscle.
Characterization of connexin expression in A7r5 cells. Immunocytochemical analysis demonstrated that A7r5 cells express Cx43 and Cx40 in gap junction plaques at sites of cell-cell contact. Costaining with Cx43 and Cx40 antibodies showed almost complete coexpression of the two connexin subtypes (Fig. 6) .
Dye transfer in A7r5 cell monolayers. Under control conditions, 87 Ϯ 5% of cells transferred dye to Ն10 Gap 27 , no significant difference in the ability of cells to transfer dye to Ͼ10 cells was evident (79 Ϯ 13 and 72 Ϯ 16%, respectively). When cells were incubated with both peptides at 300 M each, only 14 Ϯ 5% of cells transferred dye to Ͼ10 cells in association with an increase in the number of cells transferring dye to Ͻ10 cells. At up to 500 M each, only 8 Ϯ 6% of cells transferred dye to Ͼ10 cells (Figs. 7 and 8) .
DISCUSSION
In the present study, short connexin-mimetic peptides homologous to the extracellular loops of Cx37, Cx40, and Cx43 have been employed to investigate the contribution of gap junctional communication to NOand prostanoid-independent relaxations of the rat hepatic artery. The findings provide evidence that direct cell-cell coupling underpins EDHF-type responses in this vessel type.
In the presence of N G -nitro-L-arginine methyl ester and indomethacin, maximum EDHF-type relaxations evoked by ACh were on the order of 80% of PE-induced tone. At 600 M, none of the peptides, 37 Gap 27) attenuated maximum relaxations to ACh by 30-40% and caused two-to fivefold rightward shifts in the EC 50 for relax- ation. A peptide combination that should in theory exert no effect on gap junctions constructed from Cx37 ( 43 Gap 26 ϩ 40 Gap 27) similarly attenuated maximum relaxations to ACh by ϳ50% when both components were administered at 300 or 500 M each, although the higher-concentration combination caused larger (ϳ25-vs. ϳ2-fold) increases in the EC 50 for relaxation. EDHF-type responses to ACh were effectively abolished by 37,43 Gap 27 ϩ 43 Gap 26 ϩ 40 Gap 27 when each component was administered at 300 M. The observation that this triple combination suppressed the response to ACh at a total peptide concentration of 900 M, whereas 43 Gap 26 ϩ 40 Gap 27 resulted in only partial inhibition at a total concentration of 1,000 M, suggests that a spectrum of gap junction channels constructed from Cx37, Cx40, and Cx43 contributes to EDHF-type relaxations in the rat hepatic artery.
To confirm that specific combinations of inhibitory peptide may be necessary to attenuate intercellular communication between cells coupled by more than one connexin subtype, dye transfer studies were performed in an A7r5 cell system that was shown to coexpress Cx40 and Cx43 in gap junction plaques. At individual concentrations of 600 M, neither 27 affected the spread of Lucifer yellow in confluent A7r5 monolayers, whereas combined peptide administration at 300 or 500 M each decreased the number of cells transferring dye to Ն10 neighboring cells from ϳ80% to 10%. These findings contrast with the effects of connexin-mimetic peptides in COS-7 cells, a fibroblast line that expresses Cx43 as its only functional connexin protein. Predictably, in this system 37, 43 Gap 27 attenuates intercellular diffusion of Lucifer yellow, whereas 40 Gap 27 is without effect, thus emphasizing the connexin selectivity of these peptides (10) . Although the molecular mechanism through which such agents interrupt intercellular communication remains to be established (2), the inability of four different peptides to affect relaxation in the rat hepatic artery individually and their complete lack of effect on PEinduced tone in combinations that inhibited relaxations to ACh exclude nonspecific actions against other mechanisms involved in the EDHF phenomenon. The activation of Ca 2ϩ -activated K ϩ channels, for example, is an essential component of EDHF-type responses that are abolished by the peptidergic K ϩ channel blockers charybdotoxin and apamin when administered in combination (5, 12, 13, 36) . Unlike connexin-mimetic peptides, however, coadministration of these agents induces pronounced vascular smooth muscle constriction, as confirmed in the present study in the rat hepatic artery.
Immunohistological staining revealed the typical punctate appearance of gap junction plaques in the rat hepatic artery and demonstrated that different connexin subtypes were distributed heterogeneously in the vascular wall. Cx37, Cx40, and Cx43 were each present in large interendothelial plaques, whereas in the smooth muscle cells of the media there was wide expression of Cx37 but limited expression of Cx43 in pockets of gap junction plaques near the adventitia and no detectable expression of Cx40. Inasmuch as Cx40 and Cx43 were absent from subintimal smooth muscle but predominant in the endothelium, the ability of 43 Gap 26 and 40 Gap 27 to attenuate EDHF-type relaxations when administered in combination implies an important role for both connexins in endothelial signaling via gap junctions in the rat hepatic artery. Indeed, previous studies with layered "sandwich" preparations of endothelium-intact and endothelium-denuded arterial strips have provided evidence that direct endothelium-smooth muscle communication is central to EDHF-type responses in rabbit arteries (9) . Although analogous experiments remain to be performed with rat vessels, it seems unlikely that direct intercellular communication within the endothelial monolayer plays a major role in the initiation of EDHF-type relaxations via chemical signalling mechanisms, inasmuch as each cell will be exposed to an identical concentration of ACh in organ chamber experiments. While 37,43 Gap 27 inhibits the propagation of Ca 2ϩ waves in coupled respiratory epithelial cells (4), we previously showed that this peptide does not inhibit ACh-evoked NO production by the endothelium, which, like the synthesis of the putative EDHF, is Ca 2ϩ dependent (9, 18) . Furthermore, uncoupling of endothelial cells with 18␤-glycyrrhetinic acid, a lipophilic aglycone that disrupts gap junction plaques (20) , does not affect direct endothelial cell hyperpolarization induced by ACh, which is a major stimulus to Ca 2ϩ influx in the electrically nonexcitable endothelial cell (33) . It is nevertheless conceivable that the large ϳ150-fold increase in the electrical resistance of the endothelial monolayer that follows uncoupling of its component cells (33) impairs its ability to function as a low-resistance current source able to transmit hyperpolarizing current into the media via passive electrotonic mechanisms. It remains to be determined whether inhibition of homocellular smooth muscle communication via gap junctions, and thus in theory the relay of chemical and/or electrical signals from the endothelium through successive layers of smooth muscle cells in the media, contributes to the ability of connexin-mimetic peptides to attenuate EDHF-type relaxations, a possibility suggested by observations that 43 Gap 26 and 37,43 Gap 27 abolish rhythmic contractile activity in endothelium-denuded rings of rabbit superior mesenteric artery (8) .
Specialized triple immunostaining techniques have previously documented colocalization of Cx37, Cx40, and Cx43 in the endothelium of the rat aorta and coronary artery (35) , and in the present study, quantitative analysis with double-antibody staining demonstrated that the majority of Cx43 in the endothelium of the rat hepatic artery was associated with Cx40 or Cx37. Although the antibody combinations available did not permit direct analysis of the overlap between Cx37 and Cx40, cross-correlation of the observed stain- ing patterns indicates that Cx40 and Cx37 may also colocalize in endothelial gap junction plaques in the rat hepatic artery. By contrast, Cx37 and Cx43, the only connexin subtypes present in the media, showed little overlap in smooth muscle gap junction plaques. Recent serial electron-microscopic studies have definitively demonstrated the existence of myoendothelial gap junction plaques in rat mesenteric arteries and have shown that these are more than five times smaller than plaques coupling endothelial cells (29) . In the present study, small plaques could be identified at the endothelium-smooth muscle interface in the rat hepatic artery, although the fluorescent antibody technique possesses insufficient spatial resolution to classify these as myoendothelial with certainty. In theory, such plaques could contain homotypic (Cx37/Cx37), heterotypic (Cx40/Cx37, Cx43/Cx37), and heteromeric (each hemichannel containing a mixture of different connexin proteins) gap junctions (3, 16, 21) constructed from Cx37, Cx40, and/or Cx43 in the endothelium and Cx37 in smooth muscle. Further research is necessary to define the precise connexin composition of such channels, inasmuch as differences in their susceptibility to connexin-mimetic peptides could potentially explain why EDHF-type relaxations and hyperpolarizations in the rabbit mesenteric artery are sensitive to inhibition by 37, 43 Gap 27 alone (9, 11), whereas peptide combinations are necessary in the rat hepatic artery. Further research is also necessary to determine the extent to which NO-and prostanoid-independent responses result from direct intercellular diffusion of chemical signals into the vessel wall and/or the spread of hyperpolarizing current from the endothelium. Although passive conduction is not thought to contribute to EDHF-type relaxations in thick-walled conduit arteries because of electrical mismatching between the large mass of the media and the endothelial monolayer (1), electrotonic mechanisms may nevertheless play a role in the response to ACh in microvessels where the mass of the two cell layers is comparable (17) .
In summary, we have provided evidence that intercellular communication via myoendothelial gap junctions constructed from Cx37, Cx40, and Cx43 underpins EDHF-type relaxations of the rat hepatic artery. Apparent species and/or vessel heterogeneity in the contribution of gap junctions to agonist-induced responses may reflect variations in connexin expression in the endothelial and medial layers of the vascular wall, rather than fundamental differences in the mechanisms that ultimately mediate vasorelaxation.
